Introduction
A major goal of ecology is to characterize the processes that determine the distribution and abundance of organisms (Andrewartha and Birch 1954) . Climate change and associated shifts of organisms' ranges in the terrestrial and marine realm have heightened interest in determining the mechanisms that set distributional limits and therefore place an ''envelope'' over the possible future ranges that organisms will occupy (Harley et al. 2006; Parmesan 2006; Chen et al. 2011) . Although biotic interactions will be important in determining future boundaries of ranges and abundances of individuals, abiotic or physical factors are the primary reasons these shifts are occurring. Importantly, climate change encompasses changes in a number of physical factors, especially for marine organisms, e.g., temperature, oceanic pH, salinity, and hypoxia (Keeling et al. 2010; Doney et al. 2011) .
Thus, in order to evaluate which of these factors, in combination or individually, will affect organisms and their physiology the most, we need to evaluate physiological responses in species that are most likely to have changed their distribution in response to recent climatic changes. In the long-term this needs to be done in a comprehensive framework that includes several levels of biological organization, from the molecular to the organismal, and which considers various symbiotic relationships and pathogenic associations (Mykles et al. 2010; Pörtner 2010) . At the level of the cell it is now possible to assess a number of cellular processes simultaneously through systems approaches, such as transcriptomics, proteomics, and metabolomics, to determine the effect of environmental stressors on the physiology of marine organisms (Tomanek 2010 (Tomanek , 2011 Connor and Gracey 2012; Somero 2012) . These approaches provide a system-wide assessment of the processes that are induced to maintain or reestablish homeostasis and repair macromolecular damage caused by stressors. Transcriptomics played an important early role due to the fact that it could be used to characterize responses to stressors in model as well as nonmodel organisms, thereby broadening the range of ecological questions that could be addressed (Gracey and Cossins 2003) . In some cases, comparisons of species highlighted the cellular processes involved in response to an environmental stressor at the transcript level as well as the interspecific differences in the onset of cellular responses that contribute to setting species' tolerance limits (Lockwood et al. 2010; Lockwood and Somero 2011) . However, not all transcripts are translated and it is with translation that we see changes in the cell's molecular phenotype (Feder and Walser 2005) . Thus, it is important to use western blots or proteomic studies to confirm hypotheses generated from transcriptomic datasets (Buckley et al. 2006) . Proteomics, the study of the protein complement of the cell, was hampered earlier by the limited genetic information available for nonmodel species. Recently, however, the generation of comprehensive expressed sequence tag (EST) libraries for nonmodel organisms and advancements in the ease and processing of tandem mass spectrometry have made it possible to investigate the proteome of model and nonmodel marine organisms and to characterize proteome-wide changes in response to environmental stressors (Tomanek 2011) . The purpose of this review is to provide an overview of several studies that focused on assessing the proteomic changes in marine organisms in response to environmental stressors that will likely increase with climate change. As a contribution to the symposium on Comparative Proteomics of Environmental and Pollution Stress, the review focuses on the potential insights of a proteomics approach and thus has to refer to other reviews to present a more integrated view of physiological tolerance limits (Pörtner 2010; Somero 2012) In order to address the question of how climate change will affect species' physiologies and thereby their distributional ranges, we have chosen to compare species pairs (e.g., congeners) whose range boundaries have shifted recently due to a change in temperature or salinity. In particular, we have focused on the blue mussel genus Mytilus, which provides a comparative system in which the range boundaries of some species have been in flux over the past few decades. For example, one of the two blue mussel species that are currently found along the Pacific coast of North America, the Mediterranean Mytilus galloprovincialis, invaded southern California at the beginning of the past century and has since replaced the native blue mussel, Mytilus trossulus, from the southern part of its range to about central California, where the two form a hybrid zone between Monterey and San Francisco Bay (McDonald and Koehn 1988; Geller 1999; Hilbish et al. 2010) . Studies correlating distributions of genotypes with indicators of microclimatic conditions in San Francisco Bay show that the Mediterranean invader, M. galloprovincialis, prefers warm sites and is the more heat-tolerant of the two, but that it can be replaced by the native M. trossulus in warm locations that would favor the invader when periodic freshwater input from heavy rains is high (Braby and Somero 2006a; Schneider and Helmuth 2007) . Physiological studies have shown that the invading M. galloprovincialis is able to survive and maintain heart function at higher temperatures, has higher onset temperatures of heat-shock-protein (HSP) synthesis, and has more thermally stable enzyme isoforms than does the native M. trossulus (Hofmann and Somero 1996a; Braby and Somero 2006b; Fields et al. 2006; Schneider 2008) . At the lower end of the temperature spectrum, when acclimated to 78C, M. trossulus shows a heart rate two to three times higher and is able to maintain heart function longer when exposed to acute cold exposure than is true of M. galloprovincialis (Braby and Somero 2006b ). The native M. trossulus is also more tolerant of hyposaline conditions, in part by closing its shell and thereby possibly avoiding direct and immediate exposure to dilute seawater (Braby and Somero 2006b ).
Mytilus stress proteomics 649
Comparative proteomics of Mytilus congeners
To date there have been few direct comparisons of proteomic responses to environmental stressors between closely related species that differ in their ecological niche, a methodological approach that provides a high signal-to-noise ratio and therefore can provide insights into the biochemical adaptations that contribute to setting tolerance and distributional limits (Tomanek 2011; Somero 2012) . Here we will describe some of the criteria that were used for the comparisons of proteomic responses. Importantly, changes in protein abundance can occur for three main reasons: protein synthesis, posttranslational modifications (PTMs, which may include controlled partial proteolysis), and degradation (Walsh et al. 2005) . Thus, whenever we mention changes in protein abundance, or upregulation and downregulation, we mean it in the broad sense that could include any of these three processes. Furthermore, direct comparisons of protein isoforms depend on a number of assumptions. For proteins, the ideal comparison is between orthologous homologs with no changes in amino-acid sequence and identical PTMs (Lovric 2011) . When using two-dimensional gel electrophoresis (2DGE), this means that the protein spots are overlapping. For other separation methods, i.e., liquid chromatography, distinctions between different isoforms can be made if the peptide carrying the PTMs is ionized and identified with tandem mass spectrometry. Small changes in amino-acid sequence or in a PTM can shift the isoelectric point (pI) of a protein spot. Thus, homologs of similar molecular mass but different pI can often be assumed to be orthologous homologs between congeners. Finally, changes in abundance that only occur in one congener but not the other can be due to low abundance of the protein in the other congener, to compartmentalization from the cytosol to a membrane and therefore difficulty in detecting the protein, or to a shift in pI beyond the pH range analyzed. Thus, it is best to rely on changes in several proteins belonging to the same pathway (e.g., Krebs cycle) or cellular process [e.g., scavenging of reactive oxygen species (ROS)], when drawing hypotheses about possible interspecific differences.
Acute heat stress
To initiate our comparative studies we first focused on the classic acute heat-shock response by exposing both congeners, the cold-adapted M. trossulus and the warm-adapted M. galloprovincialis, after an acclimation period of 4 weeks at 138C, to an acute heat stress by increasing water temperature to 248C, 288C, and 328C (at a rate of 68C/h) after which they were kept for 1 h at the higher temperature or left at the control temperature (138C) and then specimens were collected for transcriptomic analysis (Lockwood et al. 2010 ). Subsequently, whole mussels were allowed to recover at 138C for 24 h, at which point we collected specimens and dissected gill tissue for proteomic analysis (Tomanek and Zuzow 2010) . Gill tissue serves simultaneously as (1) a feeding structure by trapping plankton via mucus that is produced by the gill's cells and moved toward the mouth and (2) an organ in which oxygen uptake is facilitated by the large surface area available for gas exchange. All three proteomic studies presented here in detail were carried out using gill tissue.
The details of our sample preparation protocols, 2DGE, and mass spectrometry analysis can be found elsewhere (Tomanek and Zuzow 2010; Campanale et al. 2011; Serafini et al. 2011; Tomanek et al. 2011; Fields et al. 2012; Tomanek et al. 2012 ) and there are a number of helpful sources describing the various proteomic workflows (Westermeier et al. 2008; Link and LaBaer 2009; Lovric 2011) . The challenge of detecting proteins and matching them across 2D gels has been solved by generating proteome maps that are composite images of all proteins from all gels included in the analysis, enabling easy detection and subsequent transfer back to all gels ( Fig. 1) (Berth et al. 2007 ). Briefly, for our statistical analysis of multiple treatment groups we conducted an analysis of variance (ANOVA) based on permutations of the actual dataset in each study, thus generating our own null distribution. This approach accounts for the unequal variance and nonnormal distribution of the data, assumptions that could not be met using a standard F-statistic. We adopted an approach of lowering the P-value (e.g., .02) to call significant differences and account for the chance of false positives with a greater number of comparisons (proteins). Thus, we took some risk of including false positives (2 in 100) but also included more of the true positives. To explore the datasets further, we applied principle component analyses (PCAs) to assess the variation within treatments and to evaluate the contribution of single proteins to this variation (see original papers). Hierarchical clustering patterns (heat maps) accompany these exploratory analyses and are used to illustrate changing abundances (used in this review).
Acute heat stress, followed by a 24-h recovery period, induced a number of proteomic changes, affecting proteins involved in protein folding (molecular chaperones), proteolysis (proteasome), anaerobic and aerobic metabolism (e.g., Krebs cycle), ROS scavenging (oxidative stress proteins and pentose-phosphate pathway), the cytoskeleton, and signaling (Ras-related small G-proteins and NAD-dependent deacetylases) (Tomanek and Zuzow 2010) .
A number of molecular chaperones changed abundance, among them HSP90, chaperonins, and cyclophilin, but HSP70 and small HSPs were the most abundant and diverse ( Fig. 2A) . The overall pattern of change in abundance of molecular chaperones seems surprisingly similar in both congeners. However, interspecific differences were found in direct comparisons of isoforms with overlapping spot positions. For example, three HSP70 isoforms were found to be upregulated at 328C in M. trossulus but not in M. galloprovincialis (Fig. 3A) . Two small HSP isoforms were also induced at a lower temperature in the more cold-adapted M. trossulus in comparison to the warm-adapted M. galloprovincialis (288C versus 328C; Fig. 3B ). Thus, interspecific differences were mostly found in specific isoforms of the two most abundant and diverse molecular chaperones. The results suggested that the onset temperature of increased synthesis may be lower for specific isoforms (small HSPs) in the more heat-sensitive of the congeners, but others point to the potential role of PTMs, possibly phosphorylation, in contributing to interspecific differences (Tomanek and Zuzow 2010) . The overall abundance of small HSPs suggests a crucial role in setting tolerance to environmental stress, possibly due to their importance in stabilizing cytoskeletal elements and protective function during oxidative stress (Haslbeck et al. 2005) .
Especially during acute heat stress, protein homeostasis depends in part on the degradation of irreversibly denatured proteins and thus on proteolysis. In Mytilus, several subunits of the proteasome, the major protein-degradation machinery of the cell (Glickman and Ciechanover 2002) , showed changes in abundance, interestingly, with major differences between the species (Fig. 2B ). Of three overlapping proteasome isoforms between the congeners, all showed higher levels with heat stress in M. trossulus but a decrease in M. galloprovincialis. The former species also showed changes in seven (versus five) proteasome isoforms. Given that previous work showed that ubiquitin-conjugates destined for degradation by the proteasome increase in Mytilus (Hofmann and Somero 1996b), we hypothesized that isoforms would increase rather than decrease with heat stress, but this held true only for the cold-adapted M. trossulus and not for the warmadapted M. galloprovincialis. The transcriptomic analysis showed a similar trend, possibly foretelling the proteomic response 24 h into recovery (Lockwood et al. 2010) . Since heat shock leads to translational arrest of many non-HSPs (Holcik and Sonenberg 2005) , downregulating abundance of proteasome isoforms and therefore possibly degradation activity in M. galloprovincialis could prolong the lifespan of proteins crucial for responding to heat stress, as has been shown to be the case for oxidative stress proteins (Bieler et al. 2009 ). Alternatively, downregulating the costly degradation of proteins could temporarily reduce ATP consumption, thus making more ATP available for chaperoning.
Proteins involved in energy metabolism, aerobic and anaerobic, showed a general decrease in abundance in both congeners (Fig. 2C) . However, there Two composite gel images (or proteome maps), generated from gels of all acute heat stress treatments, depicting 554 and 465 distinct protein spots from gill tissue of the blue mussel species M. galloprovincialis (A) and M. trossulus (B) respectively. The maps represent average pixel volumes (each spot volume was normalized against total spot volume within each gel). Numbered spots represent proteins that changed in response to acute heat stress (one-way ANOVA using permutations, P5.02) and identified using tandem mass spectrometry (modified from Tomanek and Zuzow 2010).
were differences between the two that indicate distinct strategies. Specifically, in M. trossulus key enzymes of the Krebs cycle, malate and pyruvate dehydrogenase, that generate NADH, as well as enzymes from the electron transport chain (ETC), complex I and III, were downregulated, possibly decreasing the production of ROS, such as superoxide anion, hydroxyl radical, and hydrogen peroxide, through the ETC (Fig. 4) (Murphy 2009) . At the same time other enzymes, citrate synthase and NADP-dependent isocitrate dehydrogenase (NADP-ICDH), were found to be upregulated, possibly supplying more reducing equivalents in the form of NADPH. Because of the importance of NADPH in reducing the mitochondrial antioxidant glutathione (Jo et al. 2001) , we interpreted these results as a switch from ROS-generating NADH-producing pathways to ROS-scavenging NADPH-producing pathways (Fig. 4) . In this context it is important that several oxidative stress proteins changed abundance in both congeners, including superoxide dismutase, DyP-type peroxidase (a catalase), and aldehyde dehydrogenase, but that a number of them abruptly decreased in M. trossulus at 328C in comparison to M. galloprovincialis, suggesting an upper limit of responding to temperature-induced oxidative stress ( Fig. 2D ) (for an additional example, see Heise et al. 2006) . We hypothesized that the switch from NADH-producing pathways to NADPH-producing pathways is linked to the decrease in ROS-scavenging enzymes in M. trossulus. An additional pathway of energy metabolism involved in producing NADPH for ROS scavenging in the cytosol is the pentosephosphate pathway, represented by 6-phosphoglucono lactonase and transketolase (Figs. 2D and 4) . Some of its enzymes also changed abundances in both congeners (Tomanek and Zuzow 2010) .
Acute heat stress also induced a number of changes in the abundance of cytoskeletal elements (tubulin, actin, intermediate filaments), actin-regulatory proteins involved in actin-filament tread milling, and small G-proteins of the Ras-superfamily that regulate cytoskeletal dynamics, e.g., formation of actomyosin stress fibers (Le Clainche and Carlier 2008; Marks et al. 2009 ). More tubulin isoforms change in M. galloprovincialis while several actin-regulatory proteins were only found to change in M. trossulus (Tomanek and Zuzow 2010) . Some of these changes of cytoskeletal proteins may be specific to cilia (e.g., radial spoke head), which have been shown to be responsive to temperature stress (Aiello 1960) .
In summary, heat-induced or ROS-induced changes in the cytoskeleton seem to challenge protein homeostasis, inducing small HSPs that are able to stabilize the cytoskeleton under both conditions (Liang and MacRae 1997; Concannon et al. 2003; Arrigo 2007) . These changes may occur at a lower onset temperature in M. trossulus, as indicated most directly by a comparison of two small HSP isoforms between the two congeners, interspecific differences that have been described for a number of congeners occupying widely varying thermal environments (Tomanek 2008 (Tomanek , 2010 . Interspecific variation in changes in abundance in proteasome subunits Mytilus stress proteomics 653
indicates that proteolysis, as an important process of removing irreversibly denatured proteins during heat stress, is regulated differently in the two congeners.
The strategy combating heat-induced increases in the production and scavenging of ROS may distinguish the congeners most; while there are parallels in activating the nonoxidative phase of the pentosephosphate pathway that can produce NADPH for , and 75, which were identified as isoforms of HSP70 (Fig. 1) . The striated circles in both gel images depict the position of three proteins identified as HSP70 in both congeners, but only in M. trossulus did their abundances change with heat stress (up to 328C). (B) Both small HSP isoforms changed in both congeners, but at different onset temperatures (288C in M. trossulus and 328C in M. galloprovincialis). For further details, see Tomanek and Zuzow (2010) .
ROS scavenging in the cytosol, only M. trossulus shows an abrupt decrease in abundance of several oxidative stress proteins at 328C. This change is accompanied by a switch from ROS-generating NADH-producing pathways to ROS-scavenging NADPH-producing pathways.
Chronic temperature stress Mussels experience temperature stress at multiple time scales and thus, in addition to the experiment on exposure to acute heat stress, we also characterized the proteomic changes associated with longterm acclimation to cold, temperate, and warm conditions (78C, 138C, and 198C) over a 4-week acclimation period (Fields et al. 2012) . Previous studies established that 78C is a temperature that the warmadapted Mediterranean invader M. galloprovincialis will rarely experience, while the cold-adapted native M. trossulus shows high levels of mortality at 218C, just 28C above the highest temperature used (Braby and Somero 2006b; Ioannou et al. 2009 ). Patterns of protein abundance following acclimation showed both congeners having two major clusters: a warm-acclimation cluster dominated by higher abundances of several tubulin and cytochrome c reductase (complex III of ETC) isoforms, indicating that microtubules (which are building blocks of cilia), as well as energy metabolism may be upregulated at 198C (Fig. 5A) (Fields et al. 2012) . These results complement studies that indicate that rates of filtration and respiration increase in Mytilus gill tissue with increasing temperature due to enhanced ciliary activity (Aiello 1960 ). In addition, at 198C there are species-specific increases in abundances of several molecular chaperones [78-kDa glucose-regulated proteins (GRP78), HSP70, and small HSP25 (HSP25), and an oxidative stress protein, DyP-type peroxidase] only in the cold-adapted M. trossulus (Fig. 5A and C) . At this temperature Fig. 4 Metabolic reactions involved in the putative switch from ROS-generating NADH-producing pathways to ROS-scavenging NADPH-producing pathways. Proteins that changed abundance in response to heat stress are shown in italics. " denotes an increase, # denotes a decrease, and "# denotes either an increase or a decrease in the abundance of protein isoforms (depending on treatment). Species-specific changes are indicated as Mg (M. galloprovincialis) or Mt (M. trossulus). ETC, GSH, GSSG (glutathione and its oxidized form), Q (ubiquinone). For further details, see Tomanek and Zuzow (2010) .
M. galloprovincialis showed increasing abundances of additional cytoskeletal and metabolic proteins and of succinate dehydrogenase, as well as elevated ATP synthase. A study using western analysis of HSPs showed elevated levels of HSP70 in M. galloprovincialis above 248C (Anestis et al. 2007) .
The other cluster is the cold-acclimation cluster in which abundances of proteins increased at 78C and 138C, relative to 198C (Fig. 5B) . They include some cytoskeletal proteins, several molecular chaperones [e.g., GRP78, Heat shock cognate 71 (HSC71), HSP25, and HSP70], ROS scavengers such as aldehyde dehydrogenase and DyP-type peroxidase, as well as metabolic enzymes that produce NADPH as a potential reducing equivalent for glutathione (NADP-ICDH) in M. trossulus (Jo et al. 2001 ). The equivalent cluster in M. galloprovincialis includes cytoskeletal proteins, several molecular chaperones (HSP21, T-complex protein-1, and prohibitin), as well as ROS scavengers such as aldehyde dehydrogenase, thioredoxin peroxidase, and carbonyl reductase. The oxidative stress proteins listed here function specifically as catalase (DyP-type peroxidase) converting H 2 O 2 to H 2 O (Sugano 2009), a peroxiredoxin (thioredoxin peroxidase) detoxifying hydrogen or organic peroxides (Cox et al. 2010) , and they metabolize lipid peroxidation products such as carbonylcontaining aldehydes (carbonyl reductase) (Ellis 2007) . Increasing abundance levels of some of the molecular chaperones may represent PTMs rather than newly synthesized proteins, given that their isoforms show complementary changes in abundance (higher levels during warm-acclimation) (Fig. 5C) .
Further evidence for an important role of oxidative stress during cold acclimation comes from the changes in abundance of aldehyde dehydrogenase in combination with carbonyl reductase in M. galloprovincialis. Ectothermic organisms maintain membrane fluidity under cold conditions by incorporating a greater level of polyunsaturated fatty acids into cell (Hazel 1995) , which when targeted by ROS produce a number of aldehydes such as malondialdehyde, hexanal, and 4-hydrozynonenal (Ellis 2007 ), which in turn cause carbonylation of proteins, leading to denaturation. Thus, oxidative stress may cause protein denaturation, and therefore require molecular chaperones, in part because of a greater production of ROS through lipid peroxidation during acclimation to cold. Two other proteomic studies have noticed an increase in oxidative stress during cold acclimation (Madi et al. 2003; Ibarz et al. 2010) .
Mytilus galloprovincialis showed two more clusters (not shown here) of changes in protein abundance that separated the 78C from the 138C group and that doubled the amount of variation explained by the second component of the PCAs that separates these two treatment groups, suggesting that this warmadapted species is more affected than its congener by the further lowering of the temperature from 138C to 78C (Fields et al. 2012) . The larger of these two clusters showed increasing abundances of tubulins (8 of 14 protein isoforms), which may be explained by the necessity to protect the sulfhydryl groups of tubulins through increased glutathionylation, as possibly indicated by the greater levels of formylglutathione hydrolase, which produces glutathione (Landino et al. 2004; Dalle-Donne et al. 2009 ), in M. galloprovincialis.
Another pattern that emerges from a comparison of all clusters in both congeners is that increasing the levels of metabolic proteins (e.g., cytochrome c reductase or complex III of the ETC) that are known sources of ROS correlate with low levels of oxidative stress-proteins. In other words, increasing levels of ROS may inhibit energy metabolism. This would mean that there is a trade-off between oxidative stress and energy metabolism during chronic temperature stress, similar to the condition we described for acute heat stress in M. trossulus.
In summary, higher abundances of molecular chaperones during warm-acclimation in M. trossulus indicate that 198C may be close to the long-term thermal limits of this species. Although coldacclimation induces higher levels of oxidative stress, possibly due to increased lipid peroxidation, which in turn increases protein denaturation and therefore the abundance of several molecular chaperones in both species, M. galloprovinicialis shows a greater sensitivity toward lower acclimation temperatures than does M. trossulus, as indicated by two clusters differentiating between 78C and 138C. Cytoskeletal elements, specifically tubulin, possibly as part of cilia, may be modified due to temperature or direct targets of ROS, especially in M. galloprovincialis. Furthermore, long-term temperature acclimation showed a trade-off between oxidative stress and energy metabolism, possibly indicating a general trade-off, as has been also observed for acute heat stress in Mytilus.
Acute hyposalinity stress
Mussels near coasts and in estuaries periodically experience a challenge from hyposaline stress, especially during extreme precipitation that dilutes seawater and creates an upper layer of low-density brackish water (Levinton et al. 2011 ). Weather conditions leading to major precipitation and hyposaline stress have increased over the past decade and are predicted to become even more frequent in a warmer world (Karl and Trenberth 2003; Durack et al. 2012) . Population surveys of Mytilus within the hybrid zone around central California have shown that the cold-adapted M. trossulus occurs at sites with high freshwater input that are otherwise warm enough to favor the warm-adapted M. galloprovincialis, suggesting that conditions of hyposaline stress are a contributing factor in determining the distribution limits of these congeners (Braby and Somero 2006a) .
To simulate conditions close to those that mussels in or near estuaries may experience, we exposed mussels (after acclimation to constant immersion at 138C at full-strength seawater or 35 psu) to 24.5, 29.8, and 35.0 psu for 4 h (with a 15-min interval at 29.8 psu for the 24.5 psu exposure group to assure a more gradual transition), followed by a 24-h recovery period under control conditions (35.0 psu). We analyzed the proteomic responses of both congeners at two time points, immediately after the 4-h exposure (at 0-h recovery) and 24 h into recovery .
As with acute and chronic temperature stress, both congeners showed signs of a disruption of protein homeostasis during hyposaline conditions ). Both congeners showed increasing abundances of molecular chaperones localized to the endoplasmic reticulum, especially 94 and 78 kDa glucose-regulated protein (GRP94 and GRP74, respectively), which play an important role in the conformational maturation of excretory proteins that may be part of the mucus produced by gill cells. Translocon-associated protein (part of Sec61, a membrane channel that transports proteins during translation into the lumen of the endoplasmic reticulum (ER) (in M. trossulus) and protein disulfide isomerase (in M. galloprovincialis) are additional indicators of protein unfolding (Araki and Nagata 2012). Importantly, while M. galloprovincialis increased the abundance of GRP94 and GRP78 at 29.8 psu, M. trossulus showed an upregulation of GRP94 at 24.5 psu during stress, suggesting a greater tolerance toward lower salinities in the latter species, results that were also seen in the overall proteomic response of both congeners based on PCAs.
Other proteins typically located in the ER that responded during recovery from hyposaline stress by decreasing abundances are several oxidative stress proteins, such as nucleoredoxin, a putative thioredoxin, and thioredoxin itself, especially in M. galloprovincialis. This may be due to the fact that the folding of proteins in the ER depends on an oxidizing environment for the formation of disulfide bonds, a process that produces ROS (Malhotra and Kaufman 2007; Csala et al. 2010) . Thus, hyposaline stress may decrease protein synthesis during recovery and thus reduces the need for higher rates of protein folding in the ER, thereby decreasing the production of ROS. Furthermore, hyposaline stress did not increase protein degradation by much, since there was only one proteasome isoform that was upregulated in M. trossulus in response to 24.5 psu and after recovery, in stark contrast to acute heat stress. Immediately after experiencing 24.5 psu, M. trossulus also increased the abundance of cystatin-B, an inhibitor of cysteine proteases (Chapman et al. 1997 ) and an indicator of acute kidney injury (Vaidya et al. 2008) . Thus, taking disruption of protein homeostasis as an indication, M. trossulus is more tolerant toward lower salinities than is M. galloprovincialis .
Cellular adjustments to acute hyposaline conditions include changes in cell volume that require modifications of the cell membrane and cytoskeleton (Hoffmann et al. 2009 ). Two small GTPases (the Ras-like GTPase Sar1 and Rab1-GDP dissociation inhibitor Rab1-GDI) that, respectively, are involved in facilitating the formation and transport of vesicles from the ER to the Golgi apparatus (Marks et al. 2009 ), were found to be downregulated and upregulated during recovery from extreme hyposaline stress (24.5 psu) in M. trossulus, possibly reversing the activation of these processes during acute stress. In contrast, M. galloprovincialis showed a downregulation instead of an upregulation of Rab1-GDI during recovery from mild stress (29.8 psu), suggesting that the time course of membrane adjustments through vesicle transport in response to hyposaline stress differed between the congeners.
Decreasing abundances of actophorin, a cofilin or actin depolymerization factor (all synonyms), and gelsolin, an actin severing protein (Di Ciano- Oliveira et al. 2006) , during recovery from hyposaline stress, suggest that ''tread milling'' of actin, and the associated expansion of the cell membrane, are downregulated upon the return to control conditions in M. trossulus (Le Clainche and Carlier 2008) . This hypothesis is further supported by the upregulation of F-actin capping protein, which prevents the growth of actin filaments. Rho-GDI, an inhibitor of the small GTPase Rho (Marks et al. 2009 ), is downregulated during recovery in M. galloprovincialis. Given the role of Rho in the formation of actin stress fibers and other cytoskeletal modifications, and possibly a downregulation of its inhibition during recovery, it is possible that these are signs of greater stress on the cytoskeleton and therefore on cell morphology in the latter species.
Proteins involved in energy metabolism and oxidative stress (cytosolic malate dehydrogenase, NADH dehydrogenase, ATP synthase, SOD, and DyP-type peroxidase), especially reactions involved in NADH production and oxidation, were downregulated during recovery from hyposaline stress, at 24.5 and 29.8 psu in M. trossulus and at 24.5 psu in M. galloprovincialis. In contrast to M. trossulus, M. galloprovincialis increased levels of ATP synthase b temporarily at 29.8 psu during recovery, possibly indicating a transient increase in energy demand in response to hyposaline stress in the latter species. Finally, following recovery from 24.5 psu, M. trossulus showed increases in abundance of proteins (electron transfer flavoprotein a and propionyl CoA carboxylase) that are involved in the transfer of electrons from the b-oxidation of fatty acids to the ETC and the catabolism of branched amino acids such as valine, methionine, and threonine, respectively. None of these pathways were identified as changing in M. galloprovincialis, indicating alternative metabolic pathways that M. trossulus may use in response to extreme hyposaline stress.
In summary, based on PCAs the native M. trossulus showed a proteomic response to seawater diluted to 24.5 psu, the invading congener M. galloprovincialis only to 29.8 psu . Changes in abundances of ER-specific molecular chaperones and oxidative stress proteins indicated that different levels of hyposaline stress disrupted protein folding earlier (at a higher osmolality) in M. galloprovincialis than in M. trossulus. The formation and transport of membrane vesicles were inhibited during recovery from hyposaline stress in M. trossulus but not in M. galloprovincialis. Furthermore, several actin regulatory proteins indicated a possible slow-down of actin tread milling in M. trossulus during recovery. Proteins involved in energy metabolism and oxidative stress in general showed a downregulation during recovery from stress, with two exceptions occurring during recovery: a transitory increase of ATP synthesis (ATP synthase b) at 29.8 psu in M. galloprovincialis, and an increase in electron transfer from b-oxidation and in branched amino acid catabolism at 24.5 psu in M. trossulus. Thus, the folding of proteins in the ER, transport of membrane vesicles, modifications of the cytoskeleton, adjustments in metabolic pathways, and the scavenging of ROS all contribute to the greater tolerance of M. trossulus to hyposaline conditions in comparison to M. galloprovincialis.
Acidification and pollution of the ocean
Additional environmental factors that will change due to climate change are oceanic pH and the extent of oxygen minimum zones or hypoxic and hypercapnic conditions, with the latter lowering pH temporarily (Keeling et al. 2010) . Thus, to comprehensively assess the effects of climate change, proteomic changes in response to these stressors also have to be characterized. Preliminary insights into the effects of oceanic acidification on proteomic changes come from a study of eastern oysters (Crassostrea virginica), which showed a strong proteomic signal to a 2-week exposure to a P CO2 of 357 Pa (pH 7.5) in comparison to control conditions (P CO2 of 39 Pa, pH 8.3), with increasing levels of cytoskeletal and oxidative stress proteins in mantle tissue . Although the pH levels chosen were lower than predicted for the future open ocean, they represent values well within the current range of pH values typically seen during summer months in estuaries (Burnett 1997) . The oxidative stress proteins included peroxiredoxin 2, 4, and 5 (localized to the cytosol, ER, and mitochondria, respectively), a thioredoxin-related nucleoredoxin and Cu,Zn-superoxide dismutase, several of which either oxidize peroxiredoxins or are involved in the detoxification of organic peroxides and hydrogen peroxide (Cox et al. 2010) . Cytoskeletal proteins were the other major group that change under more acidic conditions, suggesting that oxidative stress may affect the cytoskeleton as has been shown to be the case for other systems (Dalle-Donne et al. 2001 Tell 2006) . Three nonmutually exclusive hypotheses could explain these results: (1) CO 2 reacting with other ROS to form more free radicals (Dean 2010) , (2) lower pH values affecting the transport of electrons along the ETC (Murphy 2009) , and (3) the pH-mediated release of transition metals such as Fe 2þ catalyzing the Fenton reaction and generating hydroxyl radicals (Dean 2010) .
Other anthropogenic impacts, especially pollutants, will add to increasingly stressful conditions imposed by climate change, and in some cases will have synergistic effects that will affect marine organisms (Lemos et al. 2010) . As common filter feeders, mussels of the genus Mytilus have been used as indicator species to assess pollutant levels in marine environments. Several proteomics studies using Mytilus edulis have shown that pollutants such as phthalates, polybrominated diphenyl ethers (PBDE), and bisphenol A have distinct and common features as part of their protein abundance patterns in peroxisomal preparation of cells from digestive glands (Apraiz et al. 2006) . The most common feature is an upregulation of oxidative stress proteins, such as catalase and superoxide dismutase, which detoxify oxygen radicals (superoxide anions into hydrogen peroxide, which is converted to H 2 O). Another common protein that increases in response to pollutants is glutathione S-transferase, which attaches the small peptide glutathione to proteins, predominantly to actin and other cytoskeletal elements, for protection against ROS (Dalle-Donne et al. 2009 ). Several amino acids have been shown to be sensitive to ROS, including lysine, arginine, proline, and threonine, and can form reactive aldehydes or ketone groups (so-called carbonylation), modifications that interfere with proper protein function and that can lead to the breakdown of proteins. At low levels ROS can cause PTMs of proteins that function as signals and alter protein function in response to a stressor, but at higher levels ROS interfere with protein function and lead to their unfolding and degradation (McDonagh et al. 2005 (McDonagh et al. , 2006 Halliwell and Gutteridge 2007) .
Proteomic responses to environmental stressors-a synopsis
Only a limited number of studies have characterized the proteomic responses of mussels and oysters to environmental stressors, specifically temperature, salinity, oceanic acidification, and pollutants. The common theme throughout these studies is an increase in oxidative stress proteins, with ROS affecting the cytoskeleton, and which may in turn increase the need for chaperoning to stabilize unfolding proteins. This was especially well illustrated during acute heat stress by the upregulation of both, several small HSPs that stabilize cytoskeletal elements during stress (Haslbeck et al. 2005) , and a number of oxidative stress proteins, with the cold-adapted M. trossulus showing signs of a limited ability to respond to Mytilus stress proteomics 659 328C, the highest temperature to which it was exposed (Tomanek and Zuzow 2010) . Chronic acclimation to 198C also increased the abundance of oxidative stress proteins and molecular chaperones in M. trossulus, and acclimation to 78C and 138C caused an upregulation of both groups of proteins in both congeners, but with a greater number of oxidative stress proteins increasing abundances in the more warm-adapted M. galloprovincialis (Fields et al. 2012) . Hyposaline stress also affected protein homeostasis during the acute phase of the stress, especially in the ER, which was followed by a downregulation of proteins involved in protein folding, energy metabolism, and oxidative stress during recovery, with M. galloprovincialis being more sensitive than M. trossulus . Given that a quarter of all the ROS in a cell may be produced in the ER, downregulation of protein synthesis and excretion of proteins through the ER will reduce the production of ROS and thus prevent protein denaturation. Oceanic acidification and the exposure to pollutants also increase the ROS load of mollusks (McDonagh et al. 2006; Tomanek et al. 2011 ). Protein homeostasis is in part dependent on proteolysis of irreversibly denatured proteins (Taylor and Dillin 2012) . Although temperature acclimation, hyposaline stress, and acidification all showed changes in single isoforms of proteasome subunits, acute heat stress was the only stressor triggering changes in abundance of a number of proteasome subunits; however, the two congeners responded quite differently (Tomanek and Zuzow 2010) . This may suggest that Mytilus congeners are able to rely on the constitutively synthesized levels of proteins that are involved in protein degradation to respond to a wide range of environmental stressors; only in extreme cases, will it be necessary to synthesize increasing levels of these proteins, e.g., proteasome subunits. This conclusion is in part supported by the observation that natural conditions cause elevated levels of ubiquitin-conjugates, which are destined for degradation by the proteasome (Hofmann and Somero 1996b) .
Acute and chronic temperature as well as hyposaline stress changed a number of proteins (1) involved in metabolic pathways that are producing reducing equivalents in the form of NADH, which is oxidized on complex I of the ETC (NADH dehydrogenase), proteins that are (2) involved in the transfer of high energy phosphoryl groups, exemplified by arginine kinase, and proteins that represent (3) alternative anaerobic pathways described for mussels, mainly via phosphoenolpyruvate carboxykinase, aspartate aminotransferase, cytosolic malate dehydrogenase, and alanopine dehydrogenase (Zwaan and Mathieu 1992; Hochachka and Somero 2002) . Although the congeners showed similar responses to some stressors, e.g., upregulation of ubiquinol cytochrome c reductase during acclimation to 198C (Fields et al. 2012) , there was also a number of differences in terms of metabolic pathways affected by acute heat stress (Tomanek and Zuzow 2010) and the time course of change in abundance in proteins involved in energy metabolism, e.g., ATP synthase, during recovery from hyposaline stress .
Energy metabolism is tightly linked to the production of ROS, because complexes I and III of the ETC are major sites of the production of superoxide anions, which turn quickly either into hydroxyl radicals or hydrogen peroxide (Fig. 4) (Murphy 2009 ). Because the ETC oxidizes reducing equivalents in the form of NADH, metabolic reactions that generate NADH, e.g., pyruvate dehydrogenase, are indirectly contributing to the production of ROS (Fig. 4) . On the other hand, the pentose-phosphate pathway produces reducing equivalents in the form of NADPH that can either be used for biosynthetic reactions, e.g., fatty acid synthesis, or for maintaining a high ratio of reduced to oxidized glutathione (Fig. 4) (Go and Jones 2008) . The NADP-ICDH reaction, as part of the Krebs cycle, also replenishes reduced glutathione in the mitochondria by producing NADPH (Jo et al. 2001) . In contrast to the pentose-phosphate pathway, which was activated only during acute heat stress, NADP-ICDH isoforms showed changing (some increased, several decreased) abundances under all the stress conditions investigated. Thus, different reactions and entire pathways are responsible for producing as well as scavenging ROS through the formation of different reducing equivalents, and at least the proteomic responses to acute and chronic temperature stress suggest that the activation of these biochemical reactions may be regulated differently depending on the particular environmental stressor (Fields et al. 2012; Tomanek and Zuzow 2010) . In addition to the pentose-phosphate pathway and the NADP-ICDH reaction, proteins of the ETC also responded differently to stress and thus their abundances and activities seem to be regulated independently. For example, we observed changes in abundance of several isoforms of cytochrome c reductase, complex III, during acute heat stress and temperature acclimation to 198C but not during hyposaline stress, despite the fact that other ETC proteins (NADH dehydrogenase) changed. The exact regulatory steps and their importance for changing energy metabolism during environmental stress are largely unknown. A potentially important insight into the regulation may come from the observation of changes in a NAD-dependent deacetylase, also known as sirtuin, that parallel those of proteins in energy metabolism in M. trossulus (Tomanek and Zuzow 2010) . Similar changes have been shown to have broad regulatory roles in energy metabolism (Wang et al. 2010; Zhao et al. 2010) . As already discussed, another source of ROS that is not directly linked to energy metabolism but important in the context of how stressors may affect the redox environment of the cell, is the ER, which is a major site of formation of disulfides, a process that requires an oxidizing environment and generates about a quarter of all the ROS produced by a cell (Araki and Nagata 2012; Csala et al. 2010) .
Finally, our proteomic analyses showed a suite of cytoskeletal elements changing in response to all stressors, with actin and tubulin dominating. In the case of acute hyposaline stress in M. trossulus, there were changes in abundances of several actin-binding regulatory proteins, including actophorin (a cofilin or actin depolymerization factor), gelsolin, and F-actin capping protein, all of which regulate ''tread milling'' of actin and therefore of cell shape (Le Clainche and Carlier 2008) . Under acute heat and hyposaline conditions, there were changes in abundances of small GTPases of the Ras-superfamily (Rho and Cdc42) as well as of mitogen-activated protein kinases (Erk2) that are known to affect the cytoskeleton; these responses differed between the two congeners. Small G-proteins (Sar1 and Rab1-GDI) also played a signaling role during recovery from hyposaline stress, possibly reversing the formation and transport of membrane vesicles that may regulate transport of solutes contained inside, and/ or add or retrieve membrane sections that may contain specific ion transporters during acute hyposaline stress .
The question arises what these comparisons of the proteomic responses to environmental stressors tell us about the physiological processes that set tolerance limits. The common costressor of temperature, hyposaline, and acidification seems to be the production of ROS and the damage these can cause, especially to proteins. While ROS affects protein functions, scavenging ROS requires reducing equivalents in form of NADPH, which are mainly coming from the pentose-phosphate pathway or (as part of the Krebs cycle) the NADP-ICDH reaction. In both cases, the production of NADPH diverts these pathways from other tasks, biosynthetic reactions in the case of the pentose-phosphate pathway and NADH production (Krebs cycle) in the case of the NADP-ICDH reaction. The hypothesis is thus that ROS incur physiological costs either by directly inhibiting energy metabolism, possibly because of the need for NADP or glutathione as reducing equivalents to scavenge ROS, or because they damage macromolecular structures that have to be either stabilized and repaired or degraded and replaced. The hypothesis of ROS-induced physiological tolerance limits (RIPTLs) described here may represent the cellular equivalent of another hypothesis that is focused at the organismal level and states that oxygen-supply sets environmental tolerance limits (Pörtner 2010) . A closer integration of these two hypotheses is currently needed.
Implications for predicting the effect of climate change Climate change will increase temperature extremes and averages, increase the frequency of extreme precipitation events and thus acute hyposaline stress, as well as acidify oceanic waters (IPCC 2007) . Increasing extreme temperatures and warmer average temperatures would seem to favor the warm-adapted invader M. galloprovincialis in southern California, the former southern part of the range of the native, comparatively cold-adapted, M. trossulus, which accordingly has contracted its range (McDonald and Koehn 1988; Geller 1999; Hilbish et al. 2010) . However, field surveys, physiological, and our proteomic studies suggest that hyposaline stress may favor the native congener where temperatures may be high enough to favor the invader Somero 2006a, 2006b) . Thus, climate change may exert competing stressors on a population. In addition, oceanic acidification, if our studies on oyster mantle tissue hold for Mytilus, will add increasing levels of oxidative stress . Furthermore, our proteomic analyses suggest that acclimation to cold (probably because of a greater ratio of polyunsaturated fatty acids in cell membranes) in combination with acute heat may be particularly severe, mostly due to oxidative stress (Tomanek and Zuzow 2010; Fields et al. 2012) . Overall, our studies lead to the hypothesis that the load of ROS may be an important factor affecting the physiological costs of elevated environmental stress. However, it is important to consider the effects climate change will have on a number of processes affecting marine organisms. For example, in the ribbed mussel M. californianus, which is common in the rocky intertidal of the Pacific coast of North America, the gonadal tissue is bright orange in color because of a high concentration of carotenoids, derived from its diet of phytoplankton, the availability of which is dependent on oceanic up-welling (Petes et al. 2008) . Carotenoids are proposed to work as antioxidants, possibly protecting eggs and adults from oxidative stress, and thereby affect the level of physiological stress. This study shows why it is necessary to combine studies at the molecular, organismal, and ecosystemic levels to successfully predict and understand the effects of climate change on marine organisms.
